In this paper, the influence of magnetic material degradation on the optimal design parameters of electromagnetic devices is presented. The investigation is carried out by incorporating the mechanical stress in the constitutive laws of the magnetic material, i.e., single-valued B-H and iron loss characteristics, by means of a parametric magneto-mechanical model. Then, an optimization problem can be formulated for redesigning the electromagnetic device to reach the predefined target performance. As an application, a widely used electromagnetic device, a surface-mounted permanent magnet synchronous machine, is studied. The presented results depict that the electromagnetic device can be easily redesigned by adapting the values of some flexible design parameters to compensate the effect of magnetic material degradation and to achieve the target performance. This paper can help the designers of electrical machines to improve the quality of the machine design.
I. INTRODUCTION

E
LECTROMAGNETIC devices (EMDs) are normally designed on the basis of the properties of the used magnetic material provided by the electrical steel manufacturers. However, it is well-known that the characteristics of magnetic materials inside EMDs are altered during the production of these devices. Mechanical and/or thermal stresses due to electrical steel cutting, clamping, and shrink fitting cause a change of the magnetic material properties [1] . Consequently, the designed EMD based on the original magnetic material may not achieve the targeted performances, e.g., torque or efficiency [2] . In other words, the malfunctioning or lower performance of an EMD can be caused by an improper design due to the inaccurate information about the used magnetic material.
However, the magnetic material degradation is normally not known at the final product. In practice, electrical machine manufacturers may not be aware of how the magnetic material properties are changed after the manufacturing process. To reconstruct the properties of the magnetic material inside an existing EMD, a coupled experimental-numerical electromagnetic inverse problem has been developed recently [3] . Here, in this paper, we do not aim at recovering the magnetic material characteristics. However, we aim at investigating the effect of magnetic material degradation, in particular due to mechanical stresses, on the optimal values of design parameters of EMDs.
To study the effect of magnetic material degradation, a coupled magneto-mechanical model is described in Section II, where the mechanical stress is incorporated into the constitutive laws of the magnetic material of the EMD, i.e., single-valued B-H curve and loss parameters.
With a predefined degradation degree, an optimization problem is formulated to modify the design strategy of the studied EMD in order to reach specific performances. Specifically, the effect of material degradation on optimal design parameters of a surface-mounted permanent magnet synchronous machine (SMPMSM) is investigated and analyzed in Section III.
II. MAGNETO-MECHANICAL MODEL
The EMDs are normally exposed to different mechanical stresses during their production stage. Lamination cutting, by means of, e.g., punching or laser techniques, stamping, welding, and stacking of laminations cause plastic deformations, which produce a large residual stress on the magnetic material. Moreover, shrink fitting or press fitting on stator or rotor cores, respectively, cause additional mechanical stresses on the EMD core magnetic materials [1] .
The aforementioned material treatment has a similar effect on macroscopic magnetic characteristics as "compressive" mechanical stresses. Indeed, it is well-known that these stresses deteriorate the magnetization properties of magnetic materials. In fact, the degradation effects can be illustrated on two magnetic characteristics: namely, the single-valued B-H curve and iron loss characteristics. Generally speaking, the magnetic permeability is reduced with increasing the mechanical stress, while the iron loss is increased.
To study the effect of mechanical stress on the properties of magnetic materials, a coupled magneto-mechanical model is incorporated in the mathematical model of the EMD, i.e., finite element (FE) model. In fact, there are several magnetomechanical models available in literature [4] . However, in this paper, we use a simple parametric model based on the fitting of the measurement data.
A. Numerical Modeling of an EMD
The 2-D FE model of an EMD solves the nonlinear quasistatic Maxwell's equation
for the magnetic vector potential A and for a given current density J. ν is the magnetic susceptibility of the 0018-9464 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. EMD core material, which is the reciprocal of the magnetic permeability μ.
B. Single-Valued B-H Characteristic
The magnetic susceptibility ν of the EMD core material, at zero stress, in (1) is defined by the following nonlinear normal magnetizing B-H curve: When the magnetic material is subjected to mechanical stress σ , the following formula is used [6] :
where a, b, c, d, and e are stress-dependent parameters, obtained by fitting the measurement data at different stress values with (3).
The experimental results are obtained by performing quasistatic magnetic measurements for several sinusoidal current excitations on a sample using a double yoke single sheet tester. The quasi-static magnetic measurements are performed at 1 Hz. Consequently, we have no skin effect due to the presence of eddy currents in the magnetic material. The object under test is demagnetized between two successive measurements. The sample is clamped at its two ends using a mechanical clamp. A special mechanical system is used to provide a force in the direction of the applied field where the mechanical stress value is measured by means of a load cell, see [7] . At each stress level, the B-H curve is obtained by tracing the peak values of the magnetic field and the corresponding peak values of the magnetic induction. Measured and corresponding fitted iron loss characteristics for different values of compressive stress (0 to −100 MPa). Fig. 1 shows the measured normal magnetizing B-H curves at a wide range of unidirectional compressive stress (0 to −100 MPa) and the corresponding fitted curves using (3), based on the parameter values given in [6] . It is clear from this figure that (3) fits quite accurately the measurements within the considered compressive stress range.
C. Iron Loss Characteristics
The iron loss characteristics of a magnetic material, at the stress-free condition, is represented by the well-known Bertotti loss model, in its simplified form [8] 
with B being the peak value of the magnetic induction. a 1 , α, b 1 , c 1 , and d 1 are the loss model parameters. The values of these parameters can be obtained by fitting the loss measurements data with (4). When the magnetic material is subjected to mechanical stress σ , the loss is increased according to the following "empirical" formula:
where k 1 , k 2 , and k 3 are stress-dependent parameters, obtained by fitting the loss measurement data at different stress values with (5). The iron loss is measured using the same experimental setup, described in the previous section, by performing several dynamic loops up to a frequency of 200 Hz. For each frequency-set, different iron loss values are measured corresponding to the predefined peak magnetic induction values. Fig. 2 shows a good correspondence between the measured and fitted curves within the considered compressive stress range.
Figs. 1 and 2 are obtained by fitting the corresponding formula using the well-known least-square nonlinear algorithm, Levenberg-Marquardt method with line search [9] . To ensure a global result, multiple starting values are used. The relative standard error of the fitted parameters in the single-valued B-H curve and the iron loss characteristic are in the order of 10 −2 and 10 −4 , respectively. 
III. APPLICATION: SURFACE-MOUNTED PERMANENT MAGNET SYNCHRONOUS MACHINE
A. Problem Statement
SMPMSMs are widely used in industry due to their excellent properties. However, SMPMSMs may undergo huge mechanical stress values during their productions. Hence, it is expected that the output characteristics may change. For example, the efficiency of the SMPMSM, shown in Fig. 3 , drops with increasing the compressive mechanical stress, see Fig. 4 . Here, we assume that the mechanical stress is uniform in the whole geometry of the machine along the direction of the magnetization. Fig. 3 shows the profile of the studied geometry. It is a three-phase six-pole SMPMSM, with 36 stator slots and six rotor permanent magnets, each one with 1 T remnant induction. The number of turns per stator slot is 100. The rated values of the motor are 1.5 kW, 50 Hz, 3.75 A, 1 000 r/min. The motor geometry is characterized by the following model parameters: q = [S od , Ss od , Ss id , Ss w , R od , PM h , PM θ ], where S od , Ss od , Ss id , Ss w , and R od are the stator outer diameter, the stator slot outer diameter, the stator slot inner diameter, the stator slot width, and the rotor outer diameter, i.e., without the permanent magnet, respectively. PM h and PM θ are the permanent magnet height, and the permanent magnet angle, respectively. The values of the geometrical parameters of the motor are q = [188, 151, 110, 5, 100, 8] mm, PM θ = 40 • . The shaft diameter is 18 mm. The length of the motor core is 80.7 mm, and the total length of the motor including the stator end-winding is 140 mm.
In this section, the considered SMPMSM is aimed to be redesigned by changing some design parameters for compensating the effect of the magnetic material degradation to reach a predefined particular performance, i.e., efficiency.
B. Optimization Problem Formulation
To achieve the target efficiency, the machine needs to be redesigned by changing some "flexible" design parameters, i.e., stack length, number, and cross section of the excitation winding. To this end, an optimization problem is formulated. The optimization problem is solved by minimizing iteratively the following objective function: 
with x being the vector containing the design parameters, i.e., x = [l, n, s], where l, n, and s are the stack length, number and cross section of the excitation windings, respectively. These "flexible" parameters are chosen in such a way to modify easily the geometry without making a new profile, which is much easier for the machine producers. η t and η s are the target efficiency, i.e., 92%, and the corresponding simulated efficiency using the material parameters u affected by the predefined value of the mechanical stress σ . u(σ ) is represented by eight parameters described in (1) and (2) . The values of these parameters are given in Table I . The simulated efficiency η s for a specific x is the ratio between the output power P o and input power P i
with P cu being the copper loss in the excitation winding. P total-iron (u(σ )) is the total iron loss, which is calculated a posteriori, i.e., after solving (1). The magnetic core of the SMPMSM is divided into N subdomains, each one has a volume of Vol j ( j = 1, · · · , N). In each subdomain, and based on the (u(σ )), the correct value of the local magnetic induction B j , in each subdomain, is calculated. Then the local iron loss P i , in W/kg, can be computed using (4) and (5) . The values of these parameters are given in Table II , where the values of c 1 and d 1 are zero, i.e., no access loss. To calculate the overall iron loss of the machine P total-iron , in (W), the local iron loss P j is multiplied by the mass of each subdomain, and then the average value is calculated where γ is the mass density of the electrical steel, which is assumed here γ = 7650 kg/m 3 . It is worth mentioning here that the losses in the permanent magnets are assumed constant.
C. Results and Discussion
The optimization problem is solved for two different values of mechanical stresses, i.e., −50 and −100 MPa. Moreover, the aim here is not to give quantitative values of the optimized parameters, rather to show qualitatively the effect of magnetic material degradation on the optimal values of design parameters. Table III shows the values of optimized parameters. It is clear that to compensate the effect of magnetic degradation, the axial length needs to be increased, however, the total crosssectional area of the excitation winding is slightly decreased.
In addition to the value of the optimized parameters, the difference in total cost is also given in Table III . These values are based on the following data: the cost price of permanent magnet, copper conductor and magnetic material are 60, 15 and 3 Euro/kg, respectively.
IV. MODEL APPLICABILITY
It is worth mentioning that the proposed magnetomechanical coupled problem is solved based on a strong assumption of having a homogenous compressive stress in the core of the EMD. In practice, this assumption is not completely correct, i.e., the mechanical equilibrium is not verified. However, the main target of the present paper is to show in a qualitative manner, using a very simple magneto-mechanical model, the influence of the magnetic material degradation on the optimal design parameters of electromagnetic devices.
To get accurate quantitative results, a more realistic coupled magneto-mechanical model definitely needs to be implemented. Indeed, there are several coupled magneto-mechanical models available in literature. Most of these models are energy-based models, see for example [4] . Alternatively, introducing an equivalent stress of the real multiaxial stress is also possible [10] , [11] .
Moreover, a real structure analysis is required to calculate the mechanical stress tensor in the magnetic core due to different mechanical loading, e.g., shrink fitting. Therefore, a coupled magneto-mechanical parametric model has to be implemented due to the strong dependence of mechanical stress on the geometry of the EMD, and a more sophisticated optimization procedure has to be performed, which will be the topic of future work.
V. CONCLUSION
The effect of the magnetic material degradation on the design parameters of electromagnetic devices is investigated. With this paper, the electromagnetic device can be redesigned by changing some design parameters to reach a predefined performance by considering material degradation. A simple parametric magneto-mechanical model is presented, where the mechanical stress is incorporated in the single-valued B-H and iron loss characteristics. As a real case study, a rotating electrical machine (SMPMSM) is redesigned, in which three design parameters are adapted to obtain the desired value of the efficiency. Furthermore, the difference in the total cost is outlined. This paper can help the electrical machine designer for a better design of rotating electrical machines. In the future, a more realistic coupled magneto-mechanical parametric model will be utilized to optimize electromagnetic devices for different predefined criteria.
